Neuronal activity induces intracellular Ca 2+ increase, which triggers activation of a series of Ca
The first report of a Ca 2+ /CaM-dependent protein kinase activity identified in the brain dates back to an original finding in the late 1970s that calmodulin is necessary for Ca 2+ -dependent phosphorylation of the protein in the synaptosomal membranes (Schulman and Greengard 1978) . Then in the early 1980s, multiple groups confirmed and separated several Ca 2+ /CaM-stimulated enzymatic activities, CaMKI, CaMKII, CaMKIII (later identified as a specific eEF2 kinase), and CaMKIV from size exclusion chromatography fractions using synapsin I or tryptophan hydroxylase as a substrate. (Yamauchi and Fujisawa 1980; Kennedy and Greengard 1981; Nairn et al. 1985) . While CaMKII was abundant in the forebrain, CaMKIV was reported to be a predominant activity in cerebellar granule cells (Ohmstede et al. 1989) . As CaMK activity is highly enriched in the brain as compared to other tissues, the CaMK role in brain function has been extensively studied since then. It is now widely accepted that CaMKs are master regulators that orchestrate spatiotemporally complex dynamics of multiple activity-dependent protein phosphorylation events during synaptic plasticity, gene expression, and cytoskeletonal remodeling, and thereby critically control a wide range of biological and pathological brain functions. In this review, we shed light on the neuronal functions of CaMKI, II, and IV, well studied isoforms among CaMKs. We will first briefly summarize the structure and regulatory mechanisms of kinase activity and biological roles for individual multifunctional CaMKs (in particular, CaMKI, CaMKII and CaMKIV), and then, focus on the emerging roles of these CaMKs' dysfunctions underlying pathological conditions (Fig. 1) .
Classification of CaMKs
CaMKs are activated by the binding of Ca 2+ /CaM and phosphorylate serine/threonine residues of their target proteins, thus triggering signaling activity of the substrates. Among CaMKs, 'dedicated CaM kinases' phosphorylate a specific substrate: these 'uni-' or 'oligo-functional' kinases include myosin light chain kinase, eEF2 kinase (a.k.a. CaMKIII), which phosphorylates myosin light chain, eukaryotic elongation factor-2, respectively. In this review, we will however exclusively focus on "multifunctional" CaM kinases such as CaMKI, CaMKII and CaMKIV, all of which phosphorylate a broad range of substrates thanks to their low substrate specificity and affinity. This multiplicity of substrates is a major feature of multifunctional CaMKs which ideally suit them as powerful and multivalent neuronal Ca 2+ effectors that mediate brain statedependent modifications of a variety of neuronal processes critical for cognition and many other brain functions.
Structure and regulatory mechanisms of CaMKII
The mammalian CaMKII are coded by four genes, CAMK2A (CaMKIIa), CAMK2B (CaMKIIb), CAMK2G (CaMKIIc), and CAMK2D (CaMKIId), and more than 40 splice variants have been reported. Their basic structure consists of a kinase domain that contains an ATP-binding site, a regulatory domain (containing a Ca 2+ /CaM-binding domain and auto-inhibitory domain), a variable domain and a self-association domain responsible for multimer formation. Crystal structure studies have revealed that a typical holoenzyme is a dodecamer that associates through each subunit's self-association domain (Chao et al. 2011; Stratton et al. 2013) . Under the basal state, the auto-inhibitory domain binds to the substrate binding pocket as a pseudosubstrate (Chao et al. 2011; Stratton et al. 2013) . When the intracellular Ca 2+ concentration increases, however, an active Ca 2+ /CaM complex binds to the Ca 2+ /CaM-binding domain to one of the subunits, and this is believed to trigger the release of the adjacent auto-inhibitory domain, thus freeing the substrate binding pocket and initiating the activation of a CaMKII holoenzyme. When two neighboring subunits are simultaneously activated, the Thr-286 residue of one subunit becomes a substrate of the neighboring active CaMKII subunit: This phosphorylation cascade that operates in trans within a holoenzyme complex is commonly referred to as the 'auto-phosphorylation' step, and is key to conferring 'autonomy', or a Ca 2+ /CaM-independent activity, to the CaMKII holoenzyme complex (reviewed in Soderling and Stull 2001; Lisman et al. 2012; Coultrap and Bayer 2012) . This autonomous activity is about~20% of maximal activity, leaving the capacity for further Ca 2+ /CaM -dependent activation (Coultrap et al. 2010) . Furthermore, auto-phosphorylation of Thr-286 dramatically increases the affinity of the 'autonomous' CaMKII to CaM. This feature is called 'CaM trapping' and can contribute to non-linear bursts of kinase activity of CaMKII observed in vitro in a reconstituted /CaM-binding domain triggers release of the adjacent auto-inhibitory domain from the substrate binding pocket, which initiates the activation of a CaMKII holoenzyme. When two neighboring subunits are simultaneously activated, the Thr-286 residue of one subunit is phosphorylated or auto-phosphorylated, and induces 'autonomy'. On the other hand, CaMKI/CaMKIV is activated by Ca purified holoenzyme complex (Meyer et al. 1992) as well as in cultured neurons (Fujii et al. 2013) . The transition to autonomy requires selective rise frequency of Ca 2+ elevation in the active neuron, seemingly an important property for the biological role of CaMKII during induction of synaptic plasticity such as long-term potentiation (LTP) (De Koninck and Schulman 1998) . In addition to the auto-phosphorylation induced autonomy, in vitro and in vivo studies suggested that there is a second auto-phosphorylation site within the CaM binding domain, Thr-305 and/or Thr-306, which prevents stimulation by Ca 2+ /CaM binding contributes to inhibiting CaMKII's enzymatic activity (Colbran and Soderling 1990; Patton et al. 1990 ). Thus, these dynamic waves of phosphorylation events govern and finely tune the activity and the inactivity of CaMKII, the activity-dependent regulation of which could play an essential role in many forms of synaptic plasticity and also learning and memory, in general.
The structures and regulatory mechanisms of CaMKK-CaMKI and CaMKIV pathway A different limb of multifunctional CaMK consists of Ca 2+ -dependent phosphorylation cascades, CaMKK-CaMKI and CaMKK-CaMKIV. The mammalian CaMKI family is composed of four members, coded by four different genes: CAMK1 (CaMKIa) (Nairn and Greengard 1987) , PNCK (CaMKIb/Pnck) (Yokokura et al. 1997) , CAMK1G (CaMKIc/CLICK3) (Takemoto-Kimura et al. 2003) and CAMK1D (CaMKId/CKLiK) (Ishikawa et al. 2003) . CaM-KIV is coded by a single gene from which CaMKIVa and b are generated via alternative splicing (Ohmstede et al. 1989) . The basic structure is common between CaMKI and CaMKIV, and similar to CaMKII except they all lack a Cterminal self-association domain, in keeping with the general idea that CaMKI/IV family members all operate as monomers. A highly homologous kinase domain is found at the Nterminal region, followed by a regulatory domain (consisting of Ca 2+ /CaM-binding domain and auto-inhibitory domain) at the C-terminal. Two features are critical for activation of monomeric CaMKI/IV: the binding of Ca 2+ /CaM for release of auto-inhibition, and CaMKK-dependent phosphorylation of a Thr residue in the activation loop (Thr-l77 of CaMKI or Thr-196 of CaMKIV). These features are likely to be shared components of a prototypic phosphorylation-dependent activation mechanism found in many kinases, but not in CaMKII.
The upstream kinases, CaMKK-a and -b, consist of two genes and either one of them can activate CaMKI/IV members, as homomers. It is also known that CaMKK activates other kinases such as AKT8 virus oncogene cellular homolog and AMP-activated protein kinase by phosphorylation in their activation loop. Their activity necessitates Ca 2+ /CaM-binding to their unique Ca 2+ /CaM-binding domain, however, and to date, the precise details of how Ca 2+ dynamics physiologically activate this unique Ca 2+ -dependent phosphorylation cascades is unknown (Tokumitsu et al. 1994; Haribabu et al. 1995) . Upon phosphorylation by CaMKK, CaMKIV, but not CaMKI, shows Ca 2+ /CaMindependent autonomous activity (Chatila et al. 1996; Tokumitsu et al. 2004) . Although CaMKI and CaMKIV are shown to recognize similar amino acid sequences for their substrate in vitro (Lee et al. 1994) , their distinct subcellular distribution, that is cytosolic or membrane anchored localization for CaMKI versus nuclear localization for CaMKIV, may enable them to play distinctive roles in an active cellular environment.
Biological role of CaMKII as a synaptic kinase that governs memory processes
In the adult nervous system, a and b isoforms of CaMKII are predominant, and these are present as homo-multimers of a isoforms or hetero-multimers of a and b isoforms. The amount of CaMKII proteins accounts for 1-2% of the total protein in the hippocampus, and though dynamically localized and redistributed, they have been especially enriched in post-synaptic densities. The biochemical property of CaMKII -acquisition of the autonomy by auto-phosphorylationdrew attention as a candidate molecular mechanism of memory that can store the activity of the synapse. Pharmacological and genetic studies have been performed intensively to prove, or disprove, this hypothesis (see Table 1 to overview the genetic studies).
It was shown in the early 1990s that null-mutant of CaMKIIa (Camk2a À/À ) displayed impaired spatial memory in Morris water maze test and deficient LTP in the hippocampus (Silva et al. 1992a,b) , as well as dysregulation of different type of synaptic plasticity, short-term potentiation and long-term depression (LTD) (Stevens et al. 1994; Coultrap et al. 2014) . In addition to the analysis using the homozygous null-mutant line, heterozygous CaMKIIa nullmutant line (Camka2
) revealed a dose-dependent relationship with the memory phenotypes and expression level.
Camk2a
+/À demonstrated impairment in remote contextual fear memory along with the deficit of cortical LTP (Frankland et al. 2001 (Frankland et al. , 2004 , as well as working memory deficits in the spatial working memory version of the eight-arm radial maze (Yamasaki et al. 2008; Matsuo et al. 2009 ). The importance of kinase activity was also shown as the kinasedead mutant knock-in line (Camk2a K42R -KI): this mouse, which lacked kinase activity but spared expression of CaMKIIa, also showed impairment in LTP and learning (Yamagata et al. 2009 ). The result of null-mutant line was recently extended by a conditional knock-out line (Camk2a-cKO). When Camk2a was deleted in the forebrain by crossing the flox line with a cre-driver line, Emx1-cre, or only in the adult brain by crossing with CAG-CreER followed by tamoxifen induction, the synaptic plasticity and learning deficit was as detrimental as germline deletion, indicating the absolute requirement of CaMKIIa during the time of learning in the forebrain (Achterberg et al. 2014) . Surprisingly, selective deletion of Camk2a from adultgenerated granule cells in the dentate gyrus, also led to a learning impairment (Arruda-Carvalho et al. 2014) .
As mentioned, upon autophosphorylation at Thr-286, CaMKII exerts unique enzymatic activity called autonomy. The critical role of autonomy in LTP and learning and memory was demonstrated by a point mutant mouse lines, T286A knock-in mouse (Camk2a T286A -KI) (Cho et al. 1998; Giese et al. 1998) . Interestingly, the deficiency of learning in Camk2a T286A -KI line, in which PSD95 up-regulation and persistent generation of multi-innervated spines were observed, can be rescued by increasing the amount of training (Irvine et al. 2005; Radwanska et al. 2011) . Furthermore, another transgenic mouse line that over-express a constitutively active mutant of CaMKIIa in the forebrain (Camk2a T286D -Tg) showed the impairment of LTP in a dosedependent manner (Mayford et al.1996; Bejar et al. 2002) , while also revealing unstable spatial maps and leaning deficits (Bach et al. 1995; Mayford et al. 1995; Rotenberg et al. 1996) . Thus, these results demonstrated the critical role of autophosphorylation at Thr-286 for mediating dynamic synaptic changes associated with many mechanistic aspects of hippocampal spatial memory.
The autophosphorylation-dependent CaMKII action for synaptic plasticity was demonstrated to be a general mechanism related to learning and memory rather than a specific process in the excitatory synapses of the hippocampus, as the synaptic plasticity in non-hippocampal areas of the brain such as the barrel cortex and the visual cortex were also impaired both in Camk2a À/À line (Glazewski et al. 1996; Gordon et al. 1996; Fox and Wong 2005) and in Camk2a T286A -KI line (Glazewski et al. 2000; Taha et al. 2002; Hardingham et al. 2003; Wilbrecht et al. 2010) . Deficits in cerebellar LTD and motor learning have also been reported in Camk2a À/À line (Hansel et al. 2006 ).
Additionally, it was reported that CaMKII also regulates plasticity of GABAergic synapses (Marsden et al. 2010 ) and electrical synapses formed by gap junctions (Turecek et al. 2014) . Furthermore, in addition to the Thr-286 auto-phosphorylation, the in vivo importance of inhibitory auto-phosphorylation at Thr-305 and/or Thr-306 for hippocampal LTP and spatial memory were demonstrated using mutant mouse lines carrying T305V/T306A (Camk2a TT305/6VA -KI: phosphorylation-incompetent mutant of inhibitory phosphorylation) and T305D (Camk2a T305D -KI:phosphorylation-mimic mutant) knock-in lines (Elgersma et al. 2002) . Consistent with these behavioral deficits, the inhibiting role of auto-phosphorylation at Thr-305 and Thr-306 in regulation of synaptic strength were reported in rat hippocampal neurons (Barcomb et al. 2014) .
The molecular mechanisms underlying the CaMKIIdependent LTP in the spine has been intensively studied. The key proposed molecular events are: (i) A critical pool of CaMKII mRNA is targeted near synapses via its dendritic localization signal (Miller et al. 2002) ; (ii) upon synaptic transmission, Ca 2+ rises at the post-synaptic membranes; (iii) CaMKIIa translated near synapses forms dodecamers, and their synaptic activation favors their binding with postsynaptic proteins such as NMDA receptors, thus facilitating its localization to post-synaptic membranes; (iv) activated CaMKII phosphorylates and increases the conductance of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA) receptor, and (v) AMPA receptor trafficking to the post-synaptic membrane is further regulated by phosphorylation of transmembrane AMPA receptor-interacting protein (reviewed in Lisman et al. 2012) . A critical pool of CaMKII mRNA is targeted near synapses via its dendritic localization signal (Miller et al. 2002) which may also play a critical role in synaptic plasticity but further studies are needed to elucidate this.
In addition to CaMKII's role as an enzyme, CaMKII also has an integral role as a structural protein. It is highly concentrated in the post-synaptic density as oligomer of~12 subunits, and acts as F-actin bundling protein through interaction of F-actin mediated by the b subunit (Okamoto et al. 2007; Bosch and Hayashi 2012; Hell 2014) . In a current model for the role of CaMKII in the spine structural plasticity, CaMKIIb bound to F-actin prevents the interaction of F-actin with actin modulating proteins under basal conditions. Once CaMKII is activated, CaMKIIb is detached from F-actin via auto-phosphorylation mediated mechanism, which allows the interaction between F-actin and actin modulating proteins, and initiates subsequent remodeling of F-actin. Thus, the phosphorylation-dependent regulation of the CaMKII structural role determines a time window for structural plasticity (Kim et al. 2015) . More recently, new scaffolding roles of CaMKII in the spine have begun to emerge. For example, CaMKII mediates the activitydependent recruitment of proteasomes to dendritic spines via CaMKIIa binding to proteasomes (Bingol et al. 2010) . The localization of Arc to inactive spines that receive less synaptic input is mediated via its specific interaction with an inactive form of CaMKIIb (Okuno et al. 2012) . Furthermore, by phosphorylation-induced inhibition of a pre-synaptic partner, diacylglycerol lipase-a, CaMKII was shown to down-regulate the 2-arachidonoylglycerol synthesis in vivo (Shonesy et al. 2013) . A critical role of CaMKII was also suggested in pre-synaptic plasticity, as supported by the study using genetic modified lines (Hinds et al. 2003; Hojjati et al. 2007) .
Together, these lines of evidence support the notion that CaMKII plays a critical role in the spines, both structurally and functionally, and thus mediates essential aspects of synaptic functions related to learning and memory.
Biological role of CaMKIV as a nuclear CaMK
CaMKIV is abundantly localized in the nucleus through nuclear transport via importin-a (Nakamura et al. 1995; Kotera et al. 2005; Lemrow et al. 2004) . Consistent with its nuclear localization, it was shown that CaMKIV phosphorylates the Ser-133 residue of a transcription factor cAMP response element binding protein (CREB) during synaptic stimulation that activates memory-related transcriptional activity (Matthews et al. 1994; Bito et al. 1996; Silva et al. 1998) . Transcriptional activation of CREB-dependent genes such as c-fos, Arc, Zif268 (Egr-1) and Bdnf are thus turned on in a Ca 2+ -dependent manner, and these downstream genes are believed to participate in making long-term neuronal plasticity more persistent.
Studies using genetic mutants also support this notion ( Table 2 ). The null-mutant mice (Camk4 À/À ) showed abnormal LTP in the hippocampus and LTD in the cerebellum along with the reduction of the amount of phosphorylated CREB (Ho et al. 2000) . In this null-mutant line, amygdala and cortical synaptic potentiation as well as fear memory (Wei et al. 2002) , motor learning in the vestibule-ocular reflex (Boyden et al. 2006) were also affected. Moreover, using other independently generated null-mutant mice lines, it was also showed that the lack of CaMKIV led to a deficit in motor coordination due to cerebellar dysfunction (Ribar et al. 2000) , an attenuated retention of contextual and cued fear memory (Takao et al. 2010) . Furthermore, genetic inhibition of the activity of CaMKIV by expression of a dominant-negative form of CaMKIV showed impaired latephase LTP and spatial learning, with reduced activityinduced CREB phosphorylation and c-Fos expression (Kang et al. 2001) . These lines of evidence suggested that the activation of two multifunctional CaMKs, CaMKII and CaMKIV, seem to contribute to distinct temporal windows of LTP, CaMKII-dependent early-phase LTP and CaMKIV and transcription-dependent late-phase LTP. Redondo et al. (2010) pharmacologically examined the cooperative action of CaMKII and CaMKK-dependent CaMK pathway during LTP, based on the 'synaptic tagging and capture hypothesis' hypothesis. Their results are consistent with the idea that synaptic tagging and capture hypothesis may operate via CaMKII and CaMKK-CaMKIV in a distinctive way-tag setting by CaMKII versus transcription of 'plasticity-related proteins' by CaMKKCaMKIV (Redondo et al. 2010) .
Potential role of CaMKI in neuronal development
In sharp contrast with the CaMKII and CaMKIV, whose roles in synaptic plasticity have been studied intensively, the neuronal function of CaMKI members is still largely unknown. However, recently, several studies have started to shed light on the novel role of CaMKK-CaMKI pathway in the Ca 2+ -dependent regulation of neuronal morphogenesis (Takemoto-Kimura et al. 2010). These processes widely include growth cone motility , neurite outgrowth (Schmitt et al. 2004; Uboha et al. 2007) , polarity formation (Davare et al. 2009; Nakamuta et al. 2011 ) and outgrowth of axons (Ageta-Ishihara et al. 2009), activitydependent growth of dendrites (Wayman et al. 2006; Takemoto-Kimura et al. 2007 ) and stabilization of spines (Saneyoshi et al. 2008) .
Interestingly, two key isoforms, CaMKIa and CaMKIc/ CL3, show distinct subcellular distribution: cytosolic CaMKIa versus membrane-anchored CaMKIc. The unique Cterminal region of CaMKIc contains cysteine residues for prenylation (CAAX motif) and palmitoylations, enabling them to localize at the specific membrane microdomain namely lipid raft, where they presumably facilitate dendritic outgrowth (Takemoto-Kimura et al. 2007) . While membrane-anchored CaMKIc facilitates dendritic outgrowth in cultured cortical neurons, cytosolic CaMKIa facilitates axonal outgrowth (Takemoto-Kimura et al. 2010; Horigane et al. 2016) . Each CaMKI isoform can dictate their specific action by its C-terminal region which determines subcellular localization, as chimeric mutants which lack their specific localization lost the activity toward dendrite and axon outgrowth, respectively (Takemoto-Kimura et al. 2007 . Together, all of these studies in culture suggested that CaMKK-CaMKI cascade is a significant player during activity-dependent brain development, while in vivo validation of such findings has only started recently (AgetaIshihara et al. 2009; Takemoto-Kimura et al. 2010 ).
Roles of CaMKs in addiction-the other side of synaptic plasticity
In addition to the biological roles, more recent studies have begun to suggest the pathophysiological role of CaMKs in neuropsychiatric diseases including addiction, depression, schizophrenia and multiple neurodevelopmental disorders.
Drug addiction can be conceived as a form of aberrantly strengthened memory encoded by brain reward circuitry, and drug addiction seems to be induced at least in part by a common molecular mechanism with physiological learning and memory (Nestler 2013) . Accordingly, the role of CaMKII and CaMKIV in the primary component of the reward circuity such as the nucleus accumbens (NAc) have been most intensively studied.
Upon chronic administration of amphetamine (Loweth et al. 2010) and cocaine (Robison et al. 2013) , the CaMKIIa expression is shown to be up-regulated in the NAc shell. One possible explanation for this up-regulation may be, at least in part, via epigenetic modification of the CaMKIIa promoter region by chronic cocaine exposure . The causal relationship between CaMKIIa activity in the NAc Reduced CREB phosphorylation impaired hippocampal LTP and cerebellar LTD Redondo et al., (2010) Impaired fear memory, reduced CREB phosphorylation during fear conditioning, deficits in amygdala and cortical synaptic potentiation Ribar et al., (2000) Impaired learning for an increase in the gain of the VOR (the vestibule-ocular reflex)
Robison, (2014) Deficit in motor coordinate due to cerebellar dysfunction, multiple innervation and enhanced parallel fiber synaptic currents Robison et al., (2013) Deficits in retention of contextual and cued fear memory Rotenberg et al., (1996) 
Reduced CREB phosphorylation and c-Fos expression, impaired hippocampal L-LTP and long-term spatial memory Saneyoshi et al., (2008) shell and drug-related behavior was also suggested, as pharmacological inhibition of CaMKII activity in the NAc shell decreased the drug-related behaviors (Loweth et al. 2008; Liu et al. 2014) , while virus-mediated over-expression of CaMKIIa in the NAc shell enhanced them (Loweth et al. 2010) . Importantly, experimental transient CaMKII inhibition in the NAc shell by herpes-virus mediated expression of dominant-negative CaMKIIa reversed drug-related behaviors, indicating CaMKII and its downstream pathways are potential therapeutic targets for the treatment of addiction (Loweth et al. 2013) . Consistent with the critical role of CREB in drug addiction, the contribution of a CaMKK-CaMKIV pathway in the drug effects has also been examined. Using the nullmutant mouse of CaMKIV, (Ko et al. 2006) provided evidences for a role of CaMKIV in the development of opioid analgesic tolerance. Surprisingly, CaMKIV may exert opposite roles in cocaine and nicotine reward effect. The null-mutant mice of CaMKIV showed reduced preference in nicotine-induced conditioned place preference test, while they demonstrated enhanced preference in cocaine-induced conditioned place preference test (Jackson et al. 2012) . Similar to the latter result, the genetic ablation of CaMKIV in the D1 dopamine receptor expressing cells results in increased psychomotor and reinforcing effect of cocaine (Bilbao et al. 2008 ). The precise mechanism for this apparent discrepancy in CaMKIV null mutant-mice in the addictive responsiveness to treatment with cocaine versus nicotine is not clear so far. However, a human genetic association study also identified genetic variations in CaMKIV promoter region that significantly associates with cocaine (Jackson et al. 2012 ) and nicotine addiction (Bilbao et al. 2008) , in keeping with the animal model results.
Another disease in which CaMKII is pointed as a therapeutic target is brain ischemia. It is generally accepted that pathological process after brain ischemia is initiated by excessive Ca 2+ overload through several mechanisms including the over-activation of glutamate receptors. The autophosphorylation of CaMKII induced by the Ca 2+ overload is implicated as a potential drug target for excitotoxic cell death. The relationship between CaMKII and brain ischemia has been reviewed in detail previously (Coultrap et al. 2011) .
CaMKs in depression and other neuropsychiatric diseases
The recent work from has pinpointed a critical role of CaMKIIb in the lateral habenula (LHb), a subcortical nucleus that relays information from the limbic forebrain to monoamine centers such as serotonergic and dopaminergic centers. Using a quantitative proteomics analysis, they found that CaMKIIb protein is up-regulated in the LHb of rat models of depression, and this upregulation is diminished by treatment with an antidepressant, imipramine. They also showed that virus mediated over-expression of CaMKIIb in LHb but not of CaMKIIa induces the depressive-like behaviors, while knock-down of CaMKIIb rescued the depression-like phenotypes of rat models of depression. As the over-expression of CaMKIIb increased synaptic and spiking activity of LHb neurons, and blocking the synaptic trafficking of GluR1 attenuates the depressive effects of CaMKIIb, a model was suggested in which stress-induced up-regulation of CaMKIIb in the LHb increased synaptic activity via more insertion of GluR1 into synapse. Hyperactivity of LHb in turn might further lead to enhanced suppression of monoamine centers . How and whether neuronal activitydependent epigenetic and transcriptional control contributes the up-regulation CaMKIIb protein awaits further investigation. Aside from CaMKIIb and LHb, the epigenetic control of CaMKIIa promoter in NAc that influence the DFosB binding was shown to occur by the chronic administration of a selective serotonin reuptake inhibitor, and the down-regulation of CaMKIIa is required for the selective serotonin reuptake inhibitor effects on depressive behavior in the social defeat model of depression (Robison et al. 2013) .
Compared to the number of CaMK studies in addiction and in depression, the role of CaMKs in other neuropsychiatric diseases such as schizophrenia and autism spectrum disorder (ASD) are still limited (reviewed in Robison 2014) . However, there is emerging evidence that supports the contention that susceptibility genes associated with schizophrenia and ASD are largely related to activitydependent neuronal or synaptic signaling that regulate synaptic structure and functions downstream of Ca 2+ elevation (Ebert and Greenberg 2013; Hall et al. 2014) . Therefore, one of the main directions for future studies is to elucidate how and whether several multifunctional Ca 2+ effectors of the CaM kinase family may contribute to the presymptomatic development, symptomatic onset, and disease progression of these disorders. A recent report suggested that indeed an ASD-associated mutation found in human CAMK2A gene was accompanied by synaptic deficits and ASD-like behavioral alterations when the same mutation was introduced in the mouse context (Stephenson et al. 2017) . The dysregulated activation of CaMK may lead to aberrant, pathological, phosphorylation states in many target substrates that may sustain maladaptive longterm changes in vital neuronal properties. Better understanding of the physiology and pathophysiology of CaM kinases will also require uncovering of both epigenetic and activity-dependent mechanisms of transcriptional regulation of CaMKs gene, and teasing apart genetic and environmental factors that attenuate Ca 2+ signaling and underlie abnormal CaMK signaling observed in the animal models or patients of these disorders.
Conclusions
Almost 40 years of CaMK research have demonstrated diverse physiological and pathological processes within neurons where CaM kinases play essential roles via phosphorylation of multiple target substrates. The importance of this signaling pathway was first shown by in vitro studies and in primary cultures, but these findings are now extended into in vivo studies by extensive use of genetically modified mice, disease-related model mice and in vivo virally modified mice. Irrespective of the cell types, excitatory or inhibitory, neurons need Ca 2+ -dependent molecular devices to support dynamic and unique properties of the neuronal circuits. In light of the tremendous importance of Ca 2+ signaling in neuronal cells both physiologically and pathologically, it will be critically important to investigate how bouts of Ca 2+ increases can trigger activation of multiple CaMK isoforms co-existing in a neuron, and how consequential phosphorylation of several target substrates dynamically cooperate to modulate cognition through orchestration of activitydependent modification and remodeling of the underlying circuits.
